Abstract. In this work, a correlation study between well-known seismic parameters and damage indices is presented. The correlation analysis is first performed on a set of natural seismic signals and afterwards on a set of artificial accelerograms generated from natural records. The artificial seismic signals are generated by a combination of techniques; the Hilbert-Huang transform and an optimization algorithm. In addition, they are compatible with the design spectra of a chosen seismic area. Results reveal that the seismic parameters of the synthetic earthquake accelerograms provide the same degree of correlation with the used damage indices as the natural earthquakes. Thus, the proposed synthetic accelerograms technique appropriately represents a seismic event and, therefore, it is a useful tool in earthquake engineering.
Introduction
In order to examine the resistance of a building, a dynamic analysis is required. Disaster scenarios need seismic accelerograms that could lead the building to the limits of its strength. Accelerograms are signal records of the acceleration versus time measured during an earthquake ground motion. Unfortunately, there is lack of natural strong motion earthquake records for some areas. Thus, there is need of artificial seismic records compatible with the design spectra of the area under observation. Methods for generating artificial earthquakes have been reported in the literature [1] [2] [3] [4] . The presented methodology uses the Hilbert-Huang transform (HHT) which appears to be an effective technique for analyzing non-stationary and non-linear signals such as seismic signals [5] .
The HHT decomposes the initial signal into a number of intrinsic mode functions (IMFs) and presents the results to the energy-frequency-time field, designing the socalled Hilbert spectrum. The IMFs extraction is based on the local characteristics of the signals and not on some predetermined functions. This is the key feature characterizing the HHT providing a more physical meaning to the analysis of the examined signals [5] . Moreover, the finite number of the extracted IMFs, decreases the computational complexity of the algorithm. An additional advantage of the method is that the initial seismic signal used for the synthesis of the artificial signal, could be of any intensity and could belong to any region. This provides flexibility, since there can be selected signals with finite number of points and decrease even more the complexity of the algorithm.
The main challenge is to generate realistic simulated earthquake records with the characteristics of natural signals. The proposed methodology is applied to an eightstorey reinforced concrete frame structure. Both seismic parameters and damage indices have been calculated from natural and artificial signals. A comparison between them is made and correlation analysis demonstrates that the generated earthquake signals have the same behavior as the natural ones, and have approximately the same distribution of values among the seismic parameters and the damage indices. For example, the spectrum displacement and spectrum velocity are correlated with the global damage index of Park/Ang by 0.905 and 0.929, respectively for the natural accelerograms, while for the artificial accelerograms the values are 0.905 and 0.905, respectively. Additionally, the correlation study reveals that the seismic parameters that are known to be most correlated with the damage indices [6] have the same degree of correlation for both natural and artificial signals.
Earthquake Engineering
The intensity of a seismic accelerogram is expressed with the help of several seismic parameters that are connected to the damages caused to a specific structure [6] . Damages are described by the damage indices (DIs). The maximum inter-storey drift ratio (MISDR) and the global damage index of Park/Ang (DI P/A ) are used to characterize the structural damage caused to buildings.
Damage Indices
The level of the post-seismic corruption of a structure can be evaluated by the MISDR [7] and is given by the following equation:
where max u is the maximum absolute inter-storey drift and the inter-storey height. In addition, the global DI after Park/Ang is also used as a damage index [7] :
where is the energy at the location i , is the number of location where the energy is estimated and is the local DI given by the equation: 
Concrete Frame Structure
The examined reinforced concrete structure is depicted in Figure 1 . The eigenfrequency of the 8-storey building is 0.85 Hz and its design is based on the recent Eurocode rules EC2 and EC8. The cross-sections of the beams are T-beams with 40 cm width, 20 cm slab thickness, 60 cm total beam height and 1.45 m effective slab width. The distance between the frames of the structure is 6 m. The structure has been characterized as an "importance class II and ductility class medium"-structure according to the EC8 Eurocode. The subsoil is of type C and the region seismicity of category 2. External loads are taken under consideration and are incorporated into load combinations due to the rules of EC2 and EC8. 
Synthesis of Artificial Accelerograms
The proposed synthesis of artificial seismic signals is based on the HHT. According to HHT, each natural earthquake record can be decomposed into finite frequency and amplitude components. These components are appropriately modified to compose the artificial signal. This is achieved through an optimization algorithm which is used to minimize the mean square error between the response spectrum of the synthetic earthquake and the design spectrum of the selected seismic area.
The Hilbert-Huang Transform
The HHT [5] includes the Empirical Mode Decomposition (EMD) and the Hilbert Spectral Analysis (HSA). The EMD decomposed the signal into a finite number of IMFs. The decomposition is based upon the local characteristics of the signal, thus it is an appropriate method for non-linear and non-stationary data analysis. Two conditions must be fulfilled for the generated IMFs:
1. the number of extrema and zero-crossings must be equal or differ the most by one and 2. at any point, the mean value of the envelop that is defined by the local maxima and minima must be equal to zero. For a seismic signal , all the local extrema must be connected by a cubic spline so as to form the upper envelope of the signal and the same process is ) (t X ) ( max t y followed for the lower envelope . The signal must be enclosed between these two envelopes. The mean value of the envelopes is:
and the difference between the signal and the is the first component :
The procedure continues and now is considered to be the signal, so:
where is the new mean of the two envelopes of . The same process is repeated for times and finally the is:
where the is the first IMF. The process finishes when the standard (8) where T is the duration of the seismic signal. The residue is derived by subtracting the first IMF from the initial signal:
and it is considered as the new data. The new data is subjected to the same process until all functions are obtained:
The iteration process stops when one of the two criteria is fulfilled:
1. either the residue ) (t r n or the component ) (t c n is less than a predetermined value or 2. the residue ) (t r n is a monotonic function and no other IMF can be derived. Finally, the initial signal is the sum of all IMFs plus the residue:
The Hilbert Spectral Analysis derives the instantaneous frequency data and forms the energy-frequency-time distribution by applying the HHT to each IMF. For all components , the Hilbert transform is: The instantaneous frequency is given by the equation:
The IMF components are defined as follows:
where is the real part. The initial signal can be written:
In the previous equation, the residue is not invoked as it is a constant or a monotonic function. According to this equation both amplitude and frequency can be expressed as functions of time. The time-frequency distribution of the amplitude is known as the Hilbert spectrum ). , ( t H ω
Method for Generating Artificial Seismic Accelerograms
The objective of the proposed method is to supply earthquake engineering analysts with artificial seismic accelerograms compatible with the design spectrum of the current Greek antiseismic code [10] and it is a two step procedure.
The first step applies the HHT to the initial seismic signal which is decomposed into IMFs. The HHT amplitude and frequency components of the initial signal are then properly modified to form an artificial seismic signal which is given by the equation: 
The second step solves the optimization problem so as the response spectrum of the synthetic signal to be compatible with the design spectrum of the area understudy. The optimization problem is actually finding the appropriate parameters x={x 1 ,x 2 ,...,x 2n } of the equations (20) and (21) to match the aforementioned spectrum. In particular, the genetic algorithm used, tries to minimize a fitness function which in our case is the Mean Square Error (MSE) between the two spectra:
where is the number of sample cases. n In this study, twenty natural seismic signals where used to generate synthetic spectrum-compatible seismic signals. The generated signals were afterwards submitted into a correlation study, to examine the relation between the seismic parameters and the damage indices, compared with the same correlation percentages of the initial seismic signals.
Correlation Coefficients
Correlation analysis proves the statistical relationship between two sets of data. There are many correlation coefficients; among them the most widely used are the Pearson correlation coefficient and the Spearman rank correlation coefficient.
The Pearson correlation shows how well the data fit a linear relationship, while the Spearman correlation shows how close the examined data are to monotone ranking. The latter coefficient is more important in the present study. For a set of measurements of X and Y, where
, the sample correlation coefficient is given by the equation: is the difference between the ranking degree of X and Y, respectively.
D
In case the correlation coefficient has a value greater than 0.8 means that there is a strong connection between the parameters. On the other hand, values less than 0.45 demonstrate a weak connection between the parameters. All other cases between 0.45 and 0.8 reveal medium connection [6] .
Numerical Results
In this study, twenty natural earthquake records were used as initial signals in order to generate synthetic accelerograms. Information about these seismic events is included in Table 2 . Twenty artificial seismic accelerograms have been generated from these seismic signals. The objective was that the response acceleration spectrum of every generated signal to be compatible with the Greek design spectrum. Figure 2 displays the results obtained for the Friuli (Feltre station) earthquake record. Figure 2(a) shows the original signal used to generate the synthetic earthquake signal that is shown in Figure 2 (b). Figure 2 (c) presents the response spectrum of the original signal, the response spectrum of the synthetic accelerogram and the Greek design spectrum of the considered seismic area. It is obvious from Figure 2 (c) that the response spectrum of the generated signal is compatible with the desired design spectrum. This is also justified numerically, as the MSE for this experiment was 1.73x10 -3 which is significantly small. For this event, the response spectrum of the original accelerogram was lower than the design spectrum considered.
Results are also promising for original signals that their response spectra are higher than the design spectrum. In this category belongs the seismic event of Dinar. The seismic parameters were calculated for all 20 original and artificial seismic accelerograms. Afterwards, the considered global damage indices were evaluated for each accelerogram, considered as seismic load on the examined frame structure. Finally, the Spearman rank correlation coefficient between the seismic parameters and the damage indices is calculated and presented in Table 3 . As it can be seen from the numerical results of Table 3 , the values of correlation are approximately the same for the natural acceleration records and artificial generated accelerograms. For example, the parameter SA for the natural signal is correlated with the MISDR and the DI P/A by 0.833 and 0.881, respectively. The same parameter for the artificial signals is correlated with the same damage indices by 0.762 and 0.833 respectively, which is almost the same degree as the natural records.
The degrees of interdependences for all 8 parameters are in the same range of values for natural and artificial signals. This indicates that the proposed method produces realistic simulations of earthquake signals. 
Conclusions
The need of large sets of accelerograms for the dynamic analysis of structures and the shortage of natural records on many regions globally, justifies the search for generation of artificial spectrum compatible seismic signals. The proposed method generates spectrum compatible seismic signals based on the HHT and on a genetic algorithm that helps solve an optimization problem. One random seismic signal is used every time. This makes the method flexible as there can be chosen signals with a finite number of points and thus reduce the computational complexity of the method.
All generated signals were analyzed to prove that there are reliable simulations of natural signals. For this purpose, the values of the 8 well-known seismic parameters were calculated along with the damage indices for a certain frame structure, for both natural and artificial signals. The values extracted were then compared with the respective values of the initial seismic signals, and a correlation study was carried out. The numerical results indicate that the synthetic signals behave like real earthquake signals. The degree of interdependence was very similar for all damage indices, for natural and artificial earthquake signals, respectively. For example, the parameter SA is correlated with the DI P/A for the natural and artificial earthquake signals by 0.881 and 0.833, respectively.
